Available energy optimization on permanently non -grid-connected systems is a critical task. In fact, optimizing the power consumption of the active sub-systems is only a part of getting an increased autonomy. A full optimization cannot be done without taking into consideration the energy source and the energy storage system, whose efficiency directly effect the total system autonomy. In this paper we present the optimization of the energy storage system for an autonomous sail drone, based on the use of solar panels connected to backup batteries. The proposed study represents a significant use case, not only for the importance and the impact of the proposed sail-drone but also for the involved field application (autonomous self-propelled selfsustained system) which is finding an increasing number of different application and a strong interest among the scientific community.
I. INTRODUCTION
Optimal Energy Management is a fundamental topic for autonomous systems designed to operate for a prolonged time.
In previous research activities authors have developed an autonomous sail drone [1] [2] . As a part of the V.E.L.A. (Veicolo Eolico Leggero Autonomo) project financed by Fondazione Cassa di Risparmio di Firenze, authors have introduced significant improvement respect to the original prototype. In particular, in this work it's discussed the optimization of the energy storage and energy management systems which cover a fundamental role in the design of this kind of vehicles [3] . A picture of the UNIFI sailboat is visible in fig.1 .
Autonomous sailboats [4] represent an emerging technology aiming to solve the problem of designing autonomous marine vehicles able to perform long patrolling mission on sea surface, the so called ASV (autonomous surface vehicles). A brief list of existing vehicle prototype including some specific features (as example catamarans or single hull boats) is visible in fig. 2 .
Since most of the energy involved for the propulsion of sail vehicles is from the wind, this kind of vehicles are designed to be environmentally sustainable, so the remaining energy needs to feed on board systems where the actuation of sailing and navigation surfaces is usually provided by accumulators fed by solar panels [5] . Such systems typically include the control unit, the communication system, the electric actuation of multiple mechanical devices like the rudder and the boom.
Since solar power is clearly depending from weather conditions and geographic location, the system must be particularly robust in order to assure enough resilience with respect to all these parameters.
Another important aspect regarding the proposed application that clearly influence the design of the energy storage system is represented by sustainability and environmental impact: these vehicles are typically proposed for monitoring environmentally sensitive areas in order to investigate quality of water [6] or to monitor relevant biometric parameters, pollution and so on [7] Typical applications are also related to the monitoring of marine areas conserving relevant cultural heritages such as underwater archaeological sites [10] [11]. All the above described activities are often performed also by underwater vehicles, but recent studies have also often focused their attention on the coordination between surface and underwater vehicles [12] [13] , especially to better perform the localization of swarms. Also, interaction with flying drones should be expected.
Autonomous
sail vehicles can be considered environmentally friendly since null or limited emissions are associated to vehicle functionality (no acoustic emission, no chemical emission, negligible Electro-Magnetic Emission).
However, looking at vehicle sustainability and equivalent environmental impact, also the eventuality of a shipwreck has to be considered.
In this case, on board energy storage represent the most important source of pollution for the environment.
In the original UNIFI prototype, as in many existing prototypes, storage is performed with conventional lead batteries, since weight in a marine application is not much important. Also, sometimes, weight of batteries can be exploited to improve the static distribution of masses in the hull. However, lead batteries represent an unacceptable source of pollution in case of shipwreck.
For this reason, authors have investigated different environmental impact of different battery technologies in terms of Life Cycle assessment.
As visible in fig. 3 which is referred to a specific study performed for the development of a new generation of sustainable electric vehicles is clearly noticeable that modern lithium batteries are clearly superior respect to other conventional solutions also in terms of sustainability [15] .
For these reasons, in the new version of the vehicle, authors have focused their attention on lithium batteries removing the older lead-acid ones. In particular, LiFePO4 technology was chosen for its absolute reliability in terms of thermal and chemical stability. This is a feature confirmed by previous experience in the automotive sector [16] [17] which is fundamental to assure the required reliability respect to variable and probably hard environmental conditions. The paper is organized as follows:
• In Sec. II, first are introduced the new solar panel design and the battery pack upgrade, then the solutions to maximize the charging efficiency are described, along with the methods used to validate the new circuits.
• In Sec. III are presented the results of the measurements and tests of the new circuits. The total gain in terms of available energy is then evaluated.
• Sec. IV concludes the paper. Fig. 3 . Comparison in terms of Global Warning Potential for different energy storage technologies [15] II. METHODS The original dual battery pack was composed by two Lead-Gel 12V batteries, with a capacity of 12Ah each.
A. New solar panel design
The new dual battery pack is composed by two independent series of 4 LiFePO4 cells, each one with a capacity of 20Ah. The nominal voltage of the battery pack is 13.2V, with a minimum of 10V (2.5V per cell) and a maximum of 14.4V (3.6V per cell). The minimum and maximum working voltage of the cells was chosen within the extreme values allowable for this chemistry (2.45V to 3.65V) to preserve the battery life.
Since the cells in a series can slowly reach different charging states, due to microscopical differences from cell to cell, to avoid damaging the battery we designed a battery balancing circuit. The circuit is based on the BQ76920 chip from Texas Instruments. The chip automatically measures cell voltages and when one reaches the maximum programmed value (3.6V) a discharging circuit, in parallel with the cell, is activated. A digital interface allows an external microcontroller to monitor cells status and manually override the protection algorithm. Moreover, the microcontroller can communicate with the central unit of the autonomous sailboat, thus providing vital information related to the battery pack to the main controller.
The two battery strings are OR-ed with two Schottky diodes. This ensure additional power supply reliability regarding the possible failure of one half of the battery pack.
C. High efficiency MPPT battery charger
Each panel is equipped with a separate MMPT battery charger, to better cover different shading conditions and to increase the overall reliability of the system. Panels #1 and #3 are used to recharge one half of the battery pack, while panel #2 is connected to the second half of the battery pack.
The old MPPT charger was based on a simple constant panel-voltage circuit. While the circuit is very simple, it actually doesn't fit the use case. In fact, different shading conditions, due to the sail position and boat orientation, easily bring different (lower) MPP voltages for the panel. Moreover, the high temperatures that the panels can reach during a sunny day forced the use of a low MPP voltage, thus lowering the maximal power extraction in all other conditions.
The new MPPT charger is based on the LT8490 chip from Linear Technologies. The chip is a buck-boost switching regulator battery charger. The internal logic provides automatic continuous maximum power point tracking with a perturb-andobserve algorithm. The panel is also scanned periodically to avoid settling on a local maximum power point for long periods of time, in the case of non-uniform panel illumination.
The circuit design involved careful optimization of all the components in order to achieve the maximum efficiency.
Panel input specifications, based on the new solar panels, were: 7V to 11V input voltage and 3.5A maximum input current.
Battery output was configured as 9V to 14.8V, 4.3A maximum output current. We started choosing a 170kHz switching frequency: a compromise between reducing the switching losses and keeping the inductor small.
Then, an inductor was selected, considering the lower bound of 7µH due to the combination of switching frequency, min/max input/output voltage and current values:
The selected component (Wurth Electronics 74436411500) has 15µH inductance (to keep some margin with the minimum requested inductance) and a DC resistance of 1.3 mΩ. We evaluated the maximum power dissipation due to resistive losses to be 0.13W.
The four MOSFETs contribute to power losses by both resistive losses due to channel resistance and switching losses due to input/output capacitance.
Considering all the loss contributions, a TPWR8503NL from Toshiba was selected, with 1 mΩ RDS(ON) and very low gate charge and input/output capacitance. The estimated maximum total losses were 1.22W for the four MOSFETs.
A PCB was designed ad assembled following all the above specifications.
To evaluate the circuit efficiency, the MPPT system was supplied with a current limited power supply, and the output was connected to a constant voltage load. The power supply was swept between 7V and 11V and for each voltage the current limit was swept between 0.2 A and 4 A. The output voltage was set to 13.2V. Input and output voltages, input and output currents were measured with four Peaktech 3440 multimeters connected to a data collecting PC (fig. 6 ). The corresponding input and output power and thus efficiency was calculated for each setpoint. 1160 efficiency measurement points where extracted with the measurement setup described in sec. II. Fig. 7 shows the actual efficiency measurements results. From the graphs we found that the circuit reach the maximum efficiency of 96.2% at input values of 10.2V, 3.5A. This well matches with the predicted values.
Regarding the battery pack, for the old lead-acid cells we estimated an 82% charging/discharging efficiency (total energy extracted from the pack vs total energy provided to the pack), while for the new LiFePO4 pack we estimate a 98% charge/discharge efficiency. Round-trip efficiency has been chosen as figure of merit since it better describes the total energy available to the system starting from the same initial gross energy availability. Table I reports the incremental reduction with respect to the nominal panel power (considered at 1000 W/m 2 of irradiance, AM1.5, 20 °C to 60 °C) due to three main reduction factors: sun incidence angle (and average shading), MPPT circuit efficiency, battery charge/discharge efficiency. The last column shows how much energy can realistically be stored and provided to the load in a sunny day considering those factors. As we can see the new system allows to provide 378Wh, while the old one just 105Wh.
The battery balancing chip included in the battery packs has a negligible impact on the overall system efficiency, being its current consumption, when fully active, less than 200uA. IV. CONCLUSION Thanks to the new design, the energy stored and retrievable in a given amount of time has been increased by a factor of 3.6. Considering that UNIFI sailboat draws a total of 4W electrical power on average (1.5W are due to the central unit, the IMU, the GPS system and the IRIDIUM communication system. 2.5W are due to the electric actuation of rudder and boom), it is now possible to store enough energy to run the drone for 4 days with a single sunny day (6h). Moreover, the old battery pack had a total energy storage capacity of 288Wh, while the new one has 480Wh. In this way the proposed system can be considered completely satisfying in terms of resilience with respect to harsh weather conditions and component performance degradation as, in particular, the aging of batteries and the solar panel performance loss (due to salt deposits or other pollution sources). Current work will be completed by verification and validation activities that should be performed during vehicle commissioning.
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